The driving engine of the Free Electron Laser in Hamburg (FLASH) is an L-band superconducting accelerator. It is designed to operate in burst mode with 800 microsecond pulse duration at a repetition rate of 10 Hz. The maximum accelerated beam current during the macropulse is 9 mA. Our analysis shows that the FLASH technology has great potential since it is possible to construct a FLASH like free electron laser operating at the wavelength of 13.5 and 6.8 nanometer with an average power up to 2.6 kW. Such a source meets the physical requirements for the light source for the next generation lithography.
INTRODUCTION
The roadmap for the development of the next generation lithography has been formulated by industry in the middle of the 1990s (see 1, 2 and references therein). A goal was to follow Moore's law in the reduction of a feature size by a factor of two in two years. 3 During the last two decades the progress in the feature size reduction has been provided by reducing the wavelength of light sources 1 mask, reticle, resist, stepper, etc. Here we discuss only the problem of the light source. 15 years of development of light sources for the NGL allowed to make significant progress, and a 20 W source for a beta-level EUV scanner has been delivered to industry. 4 However, it is generally accepted that the problem of light source for high volume manufacturing (HVM) is not solved yet.
Requirements for the source are not fixed but evolve with the evolution of all the other technologies involved. For instance, requirement for the average power (after intermediate focus (IF) , in-band spectrum ±2% around 13.5 nm, etendue of the source output < 3 mm 2 -sr) has been increased nearly by an order of magnitude during the last ten years, and approaches two hundred Watts.
During the last years we observed rapid progress in the development of VUV and x-ray free electron lasers. The jump in the wavelength was about five orders of magnitude, from 12 µm in 1997 down to 0.12 nm in 2009. [5] [6] [7] [8] [9] [10] [11] FLASH (Free Electron Laser in Hamburg) at DESY has produced unprecedented powers of EUV radiation at wavelengths of 13.5 nm and 6.8 nm, target wavelengths for the next generation lithography (NGL). 9, 10 Several schemes for a dedicated FEL-based radiation source for the NGL have been proposed during last years. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In this paper we describe the potential application for the NGL of an accelerator and FEL technology developed in the framework of the FLASH project at DESY. We show that this technology allows to construct a free electron laser operating at the wavelength of 13.5 nm and 6.8 nm with an average power of several kilowatts. This becomes possible due to two main factors. The first one is high average power (about 100 kW) in the electron beam of a superconducting accelerator. The second important factor is undulator tapering allowing significant increase of FEL efficiency above 2%. As a result, high average radiation power of about several kilowatts can be generated. Additional application of the electron beam energy recovery would allow to increase the duty factor significantly such that the average radiation power will be in the multi-ten-kW range. 13 Spectral width of the radiation (below 2%) fits well to the requirements of the radiation source for the Next Generation Lithography.
PRINCIPLE OF FEL OPERATION
A free electron laser is a system consisting of a relativistic electron beam and a radiation field interacting with each other while they propagate through an undulator. 22 The undulator is a periodical magnetic structure forcing electrons to perform transverse oscillations. When an electron beam traverses an undulator, it emits radiation at the resonance wavelength λ = (λ w /2γ 2 )(1 + K 2 /2). Here, λ w is the undulator period, mc 2 γ is the electron beam energy, K = eH w λ w /2πmc is the dimensionless undulator strength parameter, H w is the maximum on-axis magnetic field strength of the undulator, γ is the relativistic factor, c is the velocity of light, and (−e) and m are charge and mass of the electron, respectively. The electromagnetic wave is always faster than the electrons, and a resonant condition 2 occurs when the radiation slips a distance λ relative to the electrons after one undulator period. The fields produced by the moving charges in one part of the undulator react on moving charges in another part of the undulator. Thus, we deal with tail-head instability leading to a growing concentration of particles wherever a small perturbation started to occur. More details on FEL physics can be found in ref. 
KEY ELEMENTS OF THE FLASH/TESLA TECHNOLOGY
An FEL amplifier starting from the shot noise in the electron beam is a device in which the electron beam produces powerful radiation during single pass through an undulator. 24, 25 This type of devices is frequently referred as Self Amplified Spontaneous Emission FEL (SASE FEL). 26 Efficient operation of SASE FELs is possible with thorough design of all systems involved. Here we describe the main systems related to the FLASH/TESLA technology.
The TESLA project (TeV Energy Linear Accelerator) has been developed by an international TESLA collaboration since the beginning of the 1990s. More than 50 institutions from 12 countries were involved in the development of superconducting accelerator technology for a high energy electron-positron linear collider and for a driver-linac for an X-ray free electron laser (XFEL). 27, 28 Later the TESLA Collaboration has been transformed into the TESLA Technology Collaboration (TTC) aiming at technical development for superconducting accelerators, and gave birth to two FEL projects at DESY: FLASH FLASH and the European XFEL. ator is achieved at a reduced repetition rate.
Laser driven rf gun
The electron beam is produced in a laser driven RF gun. 35 While the linear accelerator is superconducting, the RF gun operates at room temperature. An important figure of merit for the beam quality is the transverse phase space of the electron beam or emittance ǫ (it is just the product of the beam size by the angle spread) which should not be much larger than radiation wavelength. The physical parameters related to the quality of the injector is the normalized emittance, ǫ n = ǫγ. Current values of the normalized emittance achieved in the rf guns produced for FLASH and European XFEL are in the range 0.4 -1 mm-mrad depending on the bunch charge. 36 These values are sufficient for effective generation of x-ray generation.
Beam formation system
Effective operation of the VUV/x-ray FEL amplifier requires a high value of the peak beam current of about a few thousand Ampers. The typical value of the peak beam current in the rf gun is about a few tens of Ampers. The required value of the peak beam current is achieved in the beam formation system. During initial stage of amplification the electron bunch is accelerated in an off-crest rf phase and gains energy chirp such that particles in the head of the bunch have less energy. This leads to the compression of the bunch when the electron beam passes through the bunch compressor -a dispersive element providing different path lengths for particles with different energy. Additional installation of rf sections operating at a multiple frequency improves the quality of compressed bunches. Auxiliary sections operating at a frequency of 3.9 MHz are used in FLASH and European XFEL. 37 Two and three bunch compressor stages are implemented in the FLASH and EXFEL accelerators providing peak currents up to 2.5 kA and 5 kA, respectively.
29, 38

Undulators
Undulators are widely used as insertion devices at synchrotron radiation facilities around the world.
The most popular undulators are designed using permanent magnet technology. 39, 40 This technology reached mature level and allows to build undulators with high quality of magnetic field required for FEL applications: relative field errors below per mille level and trajectory errors on a few micron level. 11, 29 Different field geometries (planar or helical) can be realized providing the possibility to generate radiation with required polarization properties (linear or circular). Currently the length of undulator systems at the FEL facilities constitute tens of meters, and exceeds hundred meters for future projects (see Table 1 ). 
FLASH FACILITY
The FLASH facility is driven by a superconducting linear accelerator and operates on the DESY site. [7] [8] [9] [10] The aim of this project is to serve as a user facility, and gain experience for the XFEL project realization. 29 The project FLASH started as relatively small test facility accelerator with an energy of 240 MeV passed several upgrades. Currently it consists of 1.2 GeV accelerator and free electron laser operating in the wavelength range from 4.2 nm up to 47 nm. [7] [8] [9] [10] It produces an ultimate peak power 
EUROPEAN X-RAY FREE ELECTRON LASER
The internationally organized European X-ray free electron laser (XFEL) is under construction in
Hamburg. 29 The construction of the linac is a common effort of many institutes sharing the responsibility for this superconducting linac. The overall coordination is with DESY chairing the XFEL Accelerator Consortium. 32 Zanon. 32 
DEDICATED FEL SOURCE FOR NGL
In this section we demonstrate the potential of the FLASH/TESLA tecnology for generation of high average power radiation. 47 which already has been used in early proposals of high average power FELs for industrial applications. 45, 46 Recently principle of undulator tapering has been demonstrated experimentally. 48, 49 We assume operation of the linac in the burst mode with macropulse repetition rate of 10 Hz.
Macropulse duration is equal to 1 ms. Bunches with a charge of 1 nC are separated by time interval of 100 ns (10 MHz repetition rate) which corresponds to 10 mA beam load within the macropulse. With these parameters average power in the electron beam is equal to 100 kW at the energy of electrons of 1 GeV. Table 2 . Table 2 .
Operation at the wavelength of 13.5 nm
We consider SASE FEL (single-pass FEL amplifier starting from shot noise in the electron beam)
operation. In the following we optimize the SASE FEL operation at the wavelength of 13.5 nm.
We assume parameters of the electron beam as given in Table 2 . This parameter set is compiled on the base of our experimental experience from FLASH . At an appropriate optimization of the beam formation system we can expect the value of the normalized emittance below 1 mm-mrad. However, Table 2 . Table 2 .
a conservative value of normalized emittance of 1.5 mm-mrad is sufficient for effective operation of a 13.5 nm FEL, and we use this number as baseline parameter in this section. We optimize the FEL parameters by varying the energy of the driving electron beam between 625 Mev and 2500 MeV.
The undulator is assumed to be hybrid planar with variable gap. General feature is that shorter gain length is achieved at a shorter undulator period and at smaller undulator gap. In the case under study we deal with high power electron and photon beams, and the matter of concern is to provide sufficient aperture for the transport of both beams. We set the limit on the minimum undulator gap to 1.2 cm like in the FLASH project. We assume the length of the undulator segments to be 200 cm, total magnetic Table   3 .
length of the undulator is 30 meters, and focusing beta function is equal to 200 cm. Calculations are performed with the time-dependent simulation code FAST. 50 Results of the simulations are shown in Fig. 2 . We obtain that within the given parameter space undulator tapering is a very powerful tool for increasing the FEL efficiency, roughly by about a factor of five with respect to the saturation efficiency. The results obtained are very impressive: for a chosen electron energy of 2500 MeV, the average radiation power exceeds 2.5 kW (see Fig. 3 ). At a reduced electron energy (1250 MeV) we obtain an average radiation power of 1.7 kW. The FEL efficiency is about 1.8% in this case. In conclusion we present the main characteristics of the radiation pulse in
Figs. 4 and 5: temporal and spectral properties, intensity distribution at the undulator exit, and angular distribution in the far zone. Note that phase volume of the radiation is nearly diffraction limited, i.e. about radiation wavelength. Spectrum width is also small, and all radiation power goes within "in-band" requirements for the NGL radiation source.
Operation at the wavelength of 6.8 nm
The FEL is tunable radiation source, and there is a simple deal to go over to different wavelength, for instance, to the next target wavelength of 6.8 nm discussed in the NGL community. We restrict our study electron with energies of 1250 MeV and 2500 MeV, and use undulators optimized for generation of 13.5 nm radiation (see previous section). Tuning of the wavelength is performed by the increase of the undulator gap from 12 mm to 18 mm. Magnetic field changes from 1 T to 0.7 T. Evolution of the energy in the radiation pulse is shown in Fig. 6 . Comparison of the pulse energies at 6.8 nm and 13.5 nm shows reduction of the pulse energy when going to shorter wavelength. Partially this reduction relates to nonoptimal undulator: period length has been optimized for 13.5 nm. Another factor is reduction of the FEL gain and FEL efficiency due to shorterning of the wavelength. FEL elefficiency can be increased with the reduction of the electron beam emittance. Curves 2 and 4 in Fig. 6 show gain curves of the SASE FEL driven by the electron beam with normalized emittance of 1 mm-mrad. Output power in the case becomes to be comparabable with the case of the wavelength 13.5 nm and ǫ n = 1.5 mm-mrad. Recent developments of the laser driven rf gun demonstrated feasibility for generation of the beams with rms normalized emittance well below 1 mm-mrad. 36 Thus, we can conclude that it is technically feasible to produce 2 kW level of the average radiation power at the wavelength of 6.8 nm. It is important that the same hardware (accelerator and undulator) is used for production of the radiation with wavelength of 13.5 nm and 6.8 nm. Key parameters of the radiation: Figure 7 . Temporal (left) and spectral (right) structure of the radiation pulse. The FEL operates at a wavelength 6.8 nm. The electron energy is equal to 1250 MeV. Normalized emittance is 1 mm-mrad (see Table 3 ). FEL operates at the wavelength 6.8 nm. Energy of electrons is equal to 1250 MeV. Normalized emittance is 1 mm-mrad (see Table 3 ).
temporal and spectral structure of the radiation pulse, intensity distribution of the radiation (see Figs. 7 and 8) do not differ much from characteristics of the source tuned to 13.5 nm (see Figs. 4 and 5).
DISCUSSION
Up to now two technologies for the light source are developed by industry: laser produced plasma (LPP), and discharge produced plasma (DPP). 1, 2 Serious obstacle on the way to a HVM source is the small efficiency of these sources which requires deposition of huge power in a small volume. Another 13 Figure 9 . Integration of an FEL-based NGL source in the factory using an approach of "single source" -"multiple tools".
problem is the mitigation of the plasma debris required for the protection of EUV optics. An FEL based radiation source has evident advantages. The process of light generation takes place in vacuum, and there is no problem to utilize the spent electron beam (remove unused power). The problem of debris mitigation does not exists at all. There is no collector problem since the radiation is produced in the diffraction limited volume, and there is no problem with the transport of the radiation to the exposure tool.
Laser and plasma radiation sources may operate only at a limited set of discrete wavelengths. Each dedicated source operates at a fixed wavelength only. With a SASE FEL driven by 1 -2 GeV electron beam, the available wavelength range can span from about 100 nm down to a few nanometers. This feature can be helpful for instance, for optimization of a photoresist. It is important that the same hardware (accelerator and undulator) can be used for production of tunable powerful radiation as we demonstrated in our paper. Average power of this "clean" EUV radiation is in the range of a few kilowatts, an order of magnitude above present requirements for a HVM source. Thus, one FEL set up can replace a dozen of plasma sources. Currently microelectronic industry uses an approach of a single source for a single tool (stepper). In the case of using a powerful FEL as the source we can modify this approach to a single source for multiple tools. We can discuss, for instance, transport of the photon beam to different tools allowing their quasi-simultaneous operation 16, 51, 52 (see Fig. 9 ). Another option which is under discussion is generation of the radiation in several undulators quasi-simultaneously. 17 The parameter space considered in this conceptual study does not deviate much from project parameters of FLASH/TESLA technology. Main idea was the demonstration of the capabilities of this technology to produce multi-kW level of output radiation power and show that properties of the radiation meet requirements of the Next Generation Lithography. It is important that the described device can be constructed now without additional R&D using components developed for FLASH and European XFEL. Definitely, there is a room for further optimization of the source. This can be essential subject for joint collaboration between R&D departments of microelectronic industry and developers of accelerator and FEL techniques. For instance, it is rather easy to increase average output power of the source by means of increasing the length of macropulse and corresponding reduction of the repetition rate. Alternatively, macropulse repetition rate can be increased for the price of reduction of the output power. This kind of considerations has been already analyzed in the framework of the European XFEL project. 29 Within long term of FLASH/TESLA technology development we can discuss extensions towards increase of duty factor up to cw mode of operation. This activity is also performed in the framework of TESLA Technical Collaboration. One of the problems to be solved is that of high duty cycle or cw injectors generating low emittance beams. 53, 54 The necessary replacement of klystrons by Inductive
Output Tubes (IOT) seems to be possible. 55 When the injector technology becomes available, the FEL based radiation source can operate in cw mode. Application of energy recovery will allow to go over to higher output radiation powers.
